I receptors. This would result in a decrease of the P-galactosidase activity in the yeast transformants. We added FK506 to a liquid culture of the yeast transformants at two concentrations that did not affect yeast growth. FK506 effectively competed with R4C for FKBP-12 binding at a concentration of 1 pM (Fig. 3) , but not at 100 nM. When cyclosporin was used at various concentrations in the same assay, no competition was observed. To further confirm that the type I receptors and the drugs share the same binding site on FKBP-12, we tested in the two-hybrid system a mutant FKBP-12 (D37G) (18) , which was shown to be defective in binding to FK506 and rapamycin. It failed to interact with the type I receptors (19).
Our results suggest that FKBP-12 interacts with type I receptors in a specific manner. A K230R mutation on R4, which abolishes R4 signaling activity (12) Fig. 2 . Representative cross-correlation histograms from cell pairs with spatially overlapped (lower left) and non-overlapped (lower right) firing during the RUN phase (data from rat 2; color code as in Fig. 1 ). Periodicity during the RUN phase reflects theta rhythm modulation (9) . This modulation is absent during the PRE and POST sleep periods. Comparison of the central peaks (100 ms) of the PRE and POST correlation histograms reveals an increase in coactivity for the cell pair (left column), which was coactive during running (center left histogram) because of spatially overlapped firing. This increase does not appear to cells that are active during running but are not coactive (right column). The yaxis gives correlation in terms of the number of spike pairs that occurred at the specified time lag. The bin size is 10 ms. Rats were surgically implanted with microdrive atrays and then trained on one of two food-reinforced, spatial behavioral tasks (7) . With the use of multielectrcde recording techniques (4), the activity of 50 to 100 single cells in area CAI of the hippocampus was monitored simultaneously during sleep periods before and after brief behavioral episodes (Fig. 1) . Spike-train cross-correlations were computed for all pairs of principal cells during the pre-behavioral sleep (PRE) , running (RUN), and post-behavioral sleep (POST) periods. For each cell pair, the short latency (A 100 ms) cross-correlation of spike trains was computed over each period (8) ; each period was approximately 20 min in duration (9) . The correlation pairs were sorted by the amount of spatially overlapped activity between cells in the pair (lo), as determined by the spatial firing characteristics ("place fields") of these cells during the running phase (RUN) (Fig. 2) . During the RUN phase, as expected, cells with overlapping place fields exhibited highly positively correlated activity, whereas cell pairs with nonoverlapping fields did not exhibit such activity (Fig. 3) . On the hypothesis that hippocampal activity during sleep reflects the reactivation of population events representing the experiences of the prior waking behavior, cell pairs that were coactive during the RUN phase (because of their place field overlap) were examined during the POST phase and compared with cell pairs that were active but not coactive during behavior (non-overlapping place fields) (Figs. 2 and 3) . Cells that were coactive during behavior showed a significant increase in correlation from their PRE level compared to pairs in which both cells displayed spatial firing but not in the same region of space (11) . This selective reactivation of correlated states declined during the POST phase with a time constant of approximately 12 min (1 2).
SCIENCE
The inaeased melation is consistent with an underlying associative synaptic modification at some stage in the system, although not necessarily in the hippocampus. Indeed, there is little direct connectivity among pyramidal cells within CAI, and, therefore, the emergence of experience-specific correlated states in this region is likely to arise from changes in commqr),'inputs, such as those from area CA3 (which has extensive intrinsic connectivity) or entorhid cortex.
Changes in neocortical or subcortical pathways might underlie the increased correlations. However, on the basis of current understanding of the physiological dynamics of the hippocampus during slow- wave sleep, it is possible to construct a plausible hypothesis for a hippocampal origin of the phenomenon. During behavioral inactivity and slow-wave sleep, the hippocampus displays a significant change in its electrical activity compared either to active waking behavior or to paradoxical rapid eye movement (REM) sleep. During slow-wave sleep, cells discharge in intermittent, synchronized bursts (ripples) (9) , associated with electroencephalogram (EEG)
sharp-wave (SPW) activity. It has been proposed that information transfer to neocortex occurs during sleep in general (5, 6) and particularly during the synchronized bursts (I 3). To investigate this hypothesis, correlation effects were examined both during ripples and during the intervals between them. Correlations were signiiicantly larger during ripples than in the intervening intervals (14) . This difTerence is consistent with ~ . ., previous theoretical models of autoassociative memory (6) , in which recurrent excitation is used to reproduce a previously stored activity pattern, even when the input contains very little of the relevant information. In such networks, even random background noise can occasionally lead to the emergence of correlated states, manifested as population bursts (ripples), reflecting stored patterns. The self-terminating nature of these bursts (9) would then reset the network to it's "ground state" and allow the process to start anew. Consistent with this notion, recent physiological studies (15) T h e foregoing observations demonstrate that, during sleep, the activity of hippocampal cells engaged in place-specific activity during prior waking (5) retains the structure of distributed representations of the visited locations (Fig. 4) . According to the proposed hypothesis, initial storage of event memory occurs through rapid synaptic modification, primarily within the hippocampus. During subsequent slow-wave sleep, synaptic moditication within the hippocampus itself is suppressed (16) and the neuronal states encoded within the hippocampus are "played back" as part of a consolidation process by which hippocampal information is gradually transferred to, the neocortex (6, 17) . 
VOL 265 29 JULY 1994 enclosed box (62 by 62 cm; rats 1 and 3) for a randomly scattered food reward. In the second (spatial working-memory) task, an elongated, X-shaped, four-arm track (167 by 25 cm; rat 2) was used with two adjacent arms designated as start and the opposite two arms designated as goals. The correct goal arm was a function of the randomly selected start arm. Animals were male Fisher 344 rats, approximately 300 g and 9 months of age. All surgical procedures were carried out according to NIH guidelines.
Both principal cells (excitatory pyramidal cells)
and inhibitory interneurons were recorded during these sessions. Interneurons, identified on the basis of wave shape, firing rate, and spike interval characteristics, were not included in the study. )l.For each cell pair in which both members exhibited significant spatially relatedfiring in the apparatus,the distance between the locations of their peak firing was used as a measure of overlap (Fig. 1) . The criterion for overlap was a distance between peaks of <16 cm (approximately the diameter of an average place field). To eliminate any possibility of spurious overlap due to incomplete isolation of single units on a given probe, cell pairs taken from the same probe were eliminated from the analysis. The mean firing rates of cells in coactive cell pairswere the same as those for non-coactive pairs. Thus, the increased correlations were not due to firing rates per se. 11. Figure 2 reveals a tendency for pairs that were negatively correlated (not overlapping) during behavior (see animals 1 and 2 in Fig. 3 ) to result in reduced correlation during the POST phase. This effect was small and statistically significant only for rat 1 12. The time constant for decay of correlation was estimated by dividing the initial 10 min of the POST sleep phase into two 5-min periods and computing the mean correlation for overlapping cell pairs in each period. A third point obtained from the mean correlation,of the PRE phase was assumed to be the asymptotic base llne for the decay. The mean time constant was determined by the fitting of a single exponential to these three points. Rat 1 latency to sleep onset was 20 min, sleep duration was 18 min, and the time constant estimate was 15 min. Rat 2 latency was 10 min, duiation was 20 min, and the time constant was 9 min. Rat 3 latency was 8 min, duration was 10 min, and the time constant was 13 min. 13. B. L. McNaughton, in The Neurobiology of the Several paradigms of perceptual learning suggest that practice can trigger long-term, experience-dependentchanges inthe adult visual system of humans.As shown here, performance of a basic visual discrimination task improvedafter a normal night'ssleep. Selective disruption of rapideye movement(REM)sleep resultedin noperformancegainduringacomparablesleep interval, althoogh non-REM slow-wave sleep disruption did not affect improvement. On the other hand, deprivationof REMsleep hadnodetrimentaleffects onthe performanceof a similar, but previously learned, task. These results indicate that a process of human memory consolidation, active during sleep, is strongly dependent on REM sleep.
Perceptual learning-the improvement of perceptual skills through practice-is a type of human learning that may serve as a paradigm for the acquisition and retention of procedural knowledge, "habits," or "how to" memories (I). Recent results suggest that when observers practice a simple texture discrimination task the large and consistent improvements that occur over the course of sev'eral consecutive dailv sessions are subserved by discrete changes dependent on retinal input and within an early stage in the stream of visual processing (2) . Psychophysical data implicate neuronal mechanisms of figure-ground segmentation at a stage in the processing pathway as early as the primary visual cortex in mediating (by becoming more efficient and fasted the learning of this basic visual skill (2, 3). Recently, we and others have found that practice but rather 8 to 10 hours after a *To whom correspondence should be addressed at training session has ended, suggesting a slow, Laboratory of Neuro~svcholoav.National lnstitute of latent process of learning (6) . As the im-
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proved visual skills were not forgotten even SCIENCE VOL. 265 29 JULY 1994 
